Background and Purpose: Increases in uric acid follow experimental stroke, which may be related to free radical formation by xanthine oxidase. The present study examined the time course of changes in xanthine and uric acid and their relationship to changes in the free radical scavengers glutathione, cysteine, and ascorbic acid.
A number of studies have examined the effects of ischemia on neurotransmitters and re-.. lated compounds in rat cerebral cortex. Most of these studies have focused on only a few compounds. We have recently been using a novel highperformance liquid chromatography with 16-sensor electrochemical detection to measure a large number of electrochemically active compounds simultaneously. 12 Several of the detectable compounds can serve as free radical scavengers or may be involved with the generation of free radicals. In addition, several monoamines and their metabolites can be quantified. One can, therefore, examine the time course and interactions between changes in several neurochemical pathways. In the present study, we applied this technology to the neurochemical analysis of ischemic cerebral cortex at varying time points after middle cerebral artery occlusion. We were particularly interested in determining whether increases in uric acid, points, and cut between them. Immediately after MCA ligation, common carotid arteries were occluded with small aneurysmal clips, and vessels were examined beyond the clip to ensure the absence of flow. The temporalis muscle and overlying skin were sutured separately. After 60 minutes, the clips were removed, and the cervical wound was closed with running sutures. Animals were allowed to survive for the indicated periods before sacrifice. An examination of infarct volume in 10 animals using 2,3,5 triphenyltetrazolium staining showed it to be 92 ±15 mm 3 . Four animals were sacrificed at 4 days and perfused with 4% paraformaldehyde, cryoprotected for 48 hours, and then sectioned at 50 -/iM intervals. Sections were stained with cresyl violet.
Six animals in each group were sacrificed by decapitation at 1, 2, 4, or 8 hours and 1, 4, 7, or 21 days after MCA ligation. Additionally, six intact animals and six animals at 1 day after sham operation were also sacrificed. Animals for sham operation were anesthetized and prepared as described above, without vessel ligations. The brains were removed and promptly placed on ice. Three-mm-thick coronal sections were made with razor blades using a specially designed template and rat brain slicer (ZivicMiller Labs, Allison Park, Pa). The first coronal cut was made 3 mm from the frontal pole, and the second coronal cut passed through the anterior commissure. The sensorimotor cortices were dissected from the slice, weighed, and placed in chilled 0.1 M HC1.
Samples for catecholamine analysis were sonicated, centrifuged at 10,000g, and assayed by high-performance liquid chromatography with 16-sensor electrochemical detection as previously described. 12 Proteins were measured on the pellets using a fluorimetric assay. 5 All results are expressed as the mean±SEM. Comparisons were made using one-way analysis of variance, with post hoc analysis using Scheffe's F test. Correlation was examined by linear regression.
Results
Middle cerebral artery occlusion combined with bilateral transient occlusion of common carotid arteries produced grossly visible infarction within the MCA territory in all animals sacrificed 4 days after operation for morphological analysis, as shown in Figure 1 . The infarcts were restricted to the cerebral cortex and spared the striatum and other subcortical structures. The physiological parameters immediately before MCA occlusion were as follows: mean arterial blood pressure, 91±3.1 mm Hg; pH, 7.34 ±0.01, Pao 2 , 92 ±1.0 mmHg; Paco 2 , 39 ±0.6 mm Hg; hematocrit, 39±0.5%; and rectal temperature, 37.0±0.2°C (mean±SEM, n=5).
The results of the neurochemical measurements are shown in Tables 1-4. The most striking effects were on uric acid and xanthine, as shown in Table 1 . Uric acid showed marked significant increases, starting at 8 hours after the induction of ischemia, that were maximal at 24 hours but persisted to 21 days. There was a significant decrease in xanthine at 8 hours to 4 days, consistent with increased metabolism of xanthine by xanthine oxidase. Table 2 shows the effects of focal ischemia on a number of compounds that are putative free radical scavengers. A significant decrease in ascorbic acid was found at 1 day, whereas cysteine was significantly reduced at both 1 and 4 days. Glutathione was significantly reduced at 1 hour, with maximal decreases at 1 and 4 days that persisted to 21 days. The only significant changes in methionine were an increase at 1 hour and a reduction at 1 day. The mean levels of uric acid were significantly correlated with mean levels of cysteine (r=0.68, p<0.05) and glutathione (r=0.73,p<0.01).
The effects on tryptophan, its metabolites, and guanosine are shown in Table 3 . Tryptophan concentrations increased in the ischemic tissue, with maxi- mal increases at 2 hours to 7 days. Guanosine concentrations showed an identical pattern, with significant increases at 2 hours to 7 days. Serotonin showed significant reductions at 2-24 hours and then recovered to normal values, whereas 5-hydroxyindoleacetic acid, its major metabolite, showed significant increases between 1 and 7 days after ischemia. Table 4 shows the effects on tyrosine and two of its metabolites, 3,4-dihydroxyphenylacetic acid and 4-hydroxyphenyllactic acid. Both tyrosine and 4-hydroxyphenyllactic acid showed significant increases in concentrations in the ischemic cortex between 2 hours and 4 days after the induction of ischemia. Concentrations of 3,4-dihydroxyphenylacetic acid were significantly increased at 1, 2, and 24 hours, but smaller increases at 4 and 8 hours were not significant.
Discussion
Our results examined the neurochemical changes that occur in a focal model of ischemia in the MCA distribution. The model used is essentially that described by Chen et al, 34 involving ligation of the MCA followed by transient occlusion of both common carotid arteries for 60 minutes. This model produces consistent infarcts in the MCA territory of the ipsilateral cerebral cortex. We used a novel high-performance liquid chromatography with 16-sensor electrochemical detection to simultaneously analyze a large number of neurochemical markers. 12 The most striking finding was marked increases in uric acid concentrations, which peaked at 1 day but persisted for up to 21 days. Increased concentrations were seen by 1 hour, but did not become significant until 8 hours after ischemia. The largest increases occurred between 1 and 7 days and were accompanied by reduced concentrations of xanthine at 4 days. These findings are consistent with other studies showing marked increases in uric acid following cerebral ischemia. 6 -7 However, we did not observe increased xanthine levels immediately after the ischemia, as was reported previously. 6 This difference may reflect the different models of ischemia in the two studies. The study of Kanemitsu et al 6 used permanent occlusion of the MCA by a transretroorbital approach, whereas in our study the MCA was ligated and ischemia induced by common carotid artery occlusion followed by reperfusion.
The mechanism of increased uric acid concentrations may reflect the conversion of xanthine dehydrogenase to xanthine oxidase in ischemic tissue. In the normal cell, the enzyme exists as a nicotinamide adenine dinucleotide-reducing dehydrogenase that can be converted to a superoxide-generating oxidase by a number of conditions. A conversion of xanthine dehydrogenase to xanthine oxidase has previously been shown during ischemia in rat liver, kidney, heart, and lung. 8 - 9 A recent study showed that this also occurs in ischemic rat brain in a 4-vessel occlusion model. 10 This conversion may be mediated by increases in intracellular calcium, with activation of proteases that convert the enzyme to the oxidase form. 11 The source of the marked increases in uric acid may be xanthine oxidase in endothelial cells in which the enzyme has been localized. 12 Isolated microvessels of rat brain are enriched 3.7-fold in xanthine oxidase as compared with homogenates of cerebral cortex. 13 Endothelial cell proliferation and neovascularization may account for the prolonged increases in uric acid we observed, with significant increases being seen even at 21 days after the infarct. Excitotoxin lesions, which also produce prolonged increases in uric acid, 14 are also accompanied by neovascularization. 15 In ischemia, there are several potential sources of free radicals, including xanthine oxidase, cyclooxygenase, lipoxygenase, mitochondrial enzymes, and activated neutrophils. 16 McCord suggested that the xanthine oxidase system is the major source of free radicals during ischemia with reperfusion. 16 Whether increases in free radicals generated by xanthine oxidase contribute to tissue damage is unresolved. Most studies suggest that infarcts are complete by 4-6 hours, 17 yet uric acid increases persisted for 21 days and were maximal at 1 day. It is therefore possible that changes are merely secondary. Arguing for a role of xanthine oxidase are studies in which allopurinol, a xanthine oxidase inhibitor, has been shown to have protective effects against reperfusion injury.
1819 Allopurinol and oxypurinol have been shown to have neuroprotective effects in global ischemia in both gerbils and spontaneously hypertensive rats. 20 " 22 A recent study showed a 32-35% reduction in infarct volume with allopurinol following middle cerebral artery occlusion in rats. 23 The degree of protection was identical to that seen with dimethylthiourea, a nonspecific free radical scavenger, which suggests that xanthine oxidase was the major contributor to free radical generation in this model.
In the present study, we found that a number of free radical scavengers, including ascorbic acid, cys- teine, and glutathione, were reduced in concentration following ischemic insult, a result consistent with those in other reports. 24 Of interest, the maximal depletions occurred at 8 hours to 7 days, corresponding to the maximal increases in uric acid concentrations. Reductions in mean levels of both cysteine and glutathione were significantly correlated with increases in uric acid. These findings thus provide further evidence that xanthine oxidase may be the major source of free radicals in ischemic tissue.
Chan et al 25 studied brain injury, edema, and capillary permeability after the infusion of xanthine oxidase/hypoxanthine/ADP-Fe 3+ solution into the rat caudate putamen. They noted that brain injury and edema were proportional to the infused dose of xanthine oxidase and occur concomitant with a breakdown of the blood-brain barrier. Several of the other neurochemical alterations observed in the present study are consistent with a breakdown of the bloodbrain barrier. There were significant increases in tyrosine, tryptophan, and guanosine starting at 2 hours after ischemic insult and persisting for 7 days. An increase in 4-hydroxyphenyllactic acid, a tyrosine metabolite, paralleled the changes in tyrosine.
We also observed small transient increases in 3,4-dihydroxyphenylacetic acid and 5-hydroxyindoleacetic acid that may reflect the massive release of dopamine and serotonin that has been shown to accompany ischemia in microdialysis studies. 26 - 27 Tissue levels of serotonin have previously been found to decrease after ischemia, 28 a finding consistent with the present results.
Although the potential role of free radicals in ischemia remains controversial, a number of recent studies have suggested that they may play a role. Free radical spin trap studies and formation of 2,5-dihydroxybenzoic acid from salicylate have been interpreted as being consistent with the formation of free radicals. 2930 In addition, superoxide dismutase, a-tocopherol, and 21-aminosteroid lipid peroxidation inhibitors are reported to exert neuroprotective effects in ischemia. 31 - 33 Free radicals may interact with excitatory amino acids by triggering glutamate release and by inhibiting glutamine synthetase. 2934 Our results show marked increases in uric acid following transient cerebral ischemia that are paralleled by reductions in free radical scavengers. This suggests that activation of xanthine oxidase activity may contribute to the generation of free radicals in cerebral ischemia.
